Collisions with environmental heterogeneities are ubiquitous in living and artificial self-propelled systems. The driven and damped dynamics of such "active" collisions are fundamentally different from momentum-conserving interactions studied in classical physics. Here we treat such interactions in a scattering framework, studying a sensory-deprived snake-like robot whose lateral undulation scheme typifies a important class of self-propelled systems. During transit through a regular array of posts, interactions between the posts and robot segments reorient the heading, producing scattering patterns reminiscent of those in matter-wave diffraction. As spacing decreases, the robot scatters more strongly; for small inter-post spacing, scattering occurs in preferred directions. Active scattering dynamics are dominated by collisions of the head with a single post; scattering angle correlates with collision duration which in turn is governed by incident undulation phase and post impact location. A model which incorporates these observations reveals that the spacing dependence arises from a remapping of single-post collision states. Our results could lead to simple control schemes for snake-like robots, useful in search and rescue in cluttered environments.
Intermittent environmental interactions are an inevitable consequence of movement in both living and nonliving systems. Relative to movement in continuous media [1] [2] [3] [4] , the dynamical consequences of active collisions are less characterized but clearly rich. Self-propelled systems have been shown to "scatter" in interesting ways from surfaces [5] , from fixed obstacles [6] [7] [8] , and off of boulders [9] . Locomotors have also been shown to hug surfaces [10, 11] , orbit obstacles [12] , and perhaps most strikingly, fluid droplets coupled to a oscillatory transient wavefield [13, 14] can mimic confined quantum systems.
To a physicist, it is appealing to imagine that the scattering physics perspective could be applied to such "active" scattering problems. However, due to their damped and driven dynamics, the conservation laws of momentum and energy physics and which lead to powerful and general results [15] do not apply to such collisions. Thus scattering self-propelled systems are sources of rich phenomena which cannot be observed in non-active colliding systems. Taking inspiration from universality in other damped/driven systems (e.g. nonequilibrium pattern formation [16] ), we might ask if general principles for active collisions can be developed, or if the details of the interactions require separate treatment for each system? This is particularly pressing in robotics, where control schemes have been largely developed to avoid collisions [17] . However, depending on the details, collisions can hinder [18] or, if properly managed, aid [19] [20] [21] locomotor performance. Recently, we took a robophysical approach [22] to systematically study the interaction of legged robots with a single obstacle and found that, from the scattering point of view, the robot's dynamics could be modeled as an attractive/repulsive interaction insensitive to the shape and roughness of the boulder [9] . When provided with a simple model of the consequences of limb-boulder interactions, the robot was able to anticipate and therefore alter the outcome of collisions [23] .
Here, we focus on a class of systems in which the selfpropelled particle has an elongated body and moves via lateral undulation. Due to the spatial and temporal variation of body shape, the center-of-mass motion here is not sufficient to describe dynamics of these systems, in part because collisions can be spatially extended and can simultaneously occur at distant points along the body. With the goal of enhanced movement for search and rescue applications [24] , previous robotic snake studies have investigated control schemes which exploit environmental heterogeneities [25] [26] [27] , but these are complicated [28] and often specific to the environment. We take simpler approach as in [9, 22] and investigate how a simplycontrolled sensory-deprived robophysical snake can interact with and scatter from heterogeneities in the environment.
EXPERIMENT AND SIMULATION
To systematically characterize collisions between obstacles and a limbless locomotor, we constructed a 12-servo-motor, 13-segment robophysical snake (shown in Fig. 1a ) with passive wheels affixed to the bottom of each segment to achieve low-slip translational motion (see Supplementary Section 1). The angular position of each motor, ζ i , was commanded to vary sinusoidally as a function of segment, i, along the body and as a function of time, t: ζ i (t) = ζ max sin(2πi/N − 2πf t), creating a "serpenoid" curve [29] . Here, N = 12 is the number of motors along the body, f = 0.15 Hz is the frequency of undulation, and ζ max ≈ 36
• is the angular amplitude swept out by each motor. The ζ i space-time plot in Fig. 1b shows that the motors are able to follow the commanded sinusoidally-varying positions, even in experimental conditions with closely-spaced obstacles.
FIG. 1. Robotic snake in heterogeneous terrain. (a)
A servo-motor-driven robotic snake moves on a flat substrate and interacts with a row of evenly-spaced vertical posts (where d is the spacing between the surfaces of adjacent posts). To characterize different robot-post interactions, the initial placement of the robot is varied within the green box. A zoomed-in version of three adjacent servo motors (black circles) is shown to the right. A single row of uniformly-spaced vertical posts (oriented transverse to the robot initial direction of travel) served as obstacles in an otherwise homogeneous environment. Robot-post interactions rotated the heading of the robot by an angle, θ (see Fig. 1c ), which depended upon the initial robot placement, see Supplementary Movie 1. To create a complete picture of these rotations, we performed experiments that sampled all initial conditions evenly. A probability map of these interactions was generated by creating and summing binary images of head trajectories for each experiment. Fig. 1d shows the evolution of this probability map as more experiments are added (see Supplementary Movie 2 for full evolution). When all initial conditions are evenly sampled, a structured pattern appeared and the presence of preferred trajectories emerged.
Distributions of θ for four different post spacings, d, are shown in the top row of Fig. 2 , with the corresponding experimental head-trajectory probability maps shown below each distribution. θ-distributions from experimentally-validated multi-body physics simulations [30, 31] (see Methods, Supplementary Section 2, and Supplementary Movie 3), also shown in the top row of Fig. 2 , are in good agreement with the corresponding experimental distributions (see Supplementary Section 3).
θ-distributions have a central peak around zero, are symmetric and can be multi-modal, particularly when d is small. These features are reminiscent of matter-wave diffraction of repeated single particle transits through a grating [32] in which each particle experiences a quantum mechanical scattering event, and the resulting diffraction pattern is a cumulative effect that emerges from interactions over many experiments [33] [34] [35] [36] . Interestingly, the single post scattering also displays a central peak around zero, reminiscent of the wave-like Poisson/Arago spot [37] phenomenon. However, any "collisional diffraction" pattern in our system results from purely deterministic robot-post interactions over many experiments with different initial conditions. Fig. 2 shows that as d increases, large reorientations become less likely and weight is shifted from the tails of the θ-distributions to the central peak. We quantify this shift by identifying quantile angles associated with the outer 30% of the distribution (15% on each side). These quantile angles are shown as vertical lines on each distribution in Fig. 2 , and for each d, the magnitudes of the 15 th and 85 th quantiles agree to within a few degrees for both experiment and simulation. Therefore, we use θ q , the 70 th quantile of each |θ|-distribution, to quantify the spread of reorientations. As shown in Fig. 3a , θ q values decrease with increasing d, confirming that the weight of the distributions shifts inward as spacing increases.
The dependence of θ q on the post spacing is welldescribed by the function θ q = 180/π(D/d), where D is a fit parameter [38] . Variation of ζ max in simulation reveals that this functional form is valid over an intermediate range of ζ max , with D set by 2 sin ζ max , the distance (along the post-plane direction) swept out by each segment during a single period (see Fig. 3b-c) . Outside of this intermediate ζ max -range, the spacing-dependence is qualitatively different (see Supplementary Section 4 for more detail).
HEAD COLLISIONS
To begin to understand the origin of the observed scattering patterns, we focus on individual scattering events. We turn to simulations, which provide comprehensive kinematics of and forces on individual robot segments as they traverse the post row, see Fig. 4a . While all segments can experience comparable forces, we find that the contact duration tends to be longer for the head of the robot than for other segments, and that there is typically one head collision that dominates (see Supplementary Section 5). Therefore, we focus only on the headpost interaction of maximal duration, τ max , determined by identifying the largest continuous temporal window for which the forces on the head are non-zero.
Probability maps of θ vs τ max for different d (see Fig. 4b ) show that θ varies linearly with τ max , and that the slope of this relationship is independent of d. The density of points along this linear trend, however, is dependent upon d, with the peak shifting inward as d increases. Given this relationship, we expect both the τ max and θ distributions to exhibit a similar dependence on spacing. We use the 70 th quantile to characterize the spread of both distributions, here only retaining points for which the head of the robot interacted with a post. Fig. 4c shows the qualitatively similar dependence of these distributions on the spacing. This correspondence is robust -when θ q -and τ max,q -distributions are scaled by ζ max and f , respectively, all data fall along a single line, see Fig. 4d . Therefore, ωτ max is an excellent predictor of final scattering angle over a wide range of wave parameters and spacings.
SINGLE POST
We find that the single post scattering follows the same linear trend as the multiple post scattering, which motivates detailed study of the scattering from a single post. Fig. 5a shows head trajectories for colliding and unobstructed events originating from the same initial condition. The presence of the rigid, impenetrable post prevents the unobstructed path, forcing the robot to temporarily follow the post surface. Therefore, we create a simple picture in which we treat the head of the robot as a self-propelled circular particle. We assume that the velocity, v, determined by differentiating the unobstructed trajectory, is driven as a function of time. During post contact, the particle moves with velocity v tan , the component of v that is locally tangent to the post surface. We further assume that there is zero friction along the post surface, allowing the particle to achieve the full v tan , and we also require v tan ·ẑ ≥ 0.
The actual and unobstructed paths are identical until contact is established. The initial contact time, t 0 , and impact location on the post, φ, are well predicted from geometry, i.e., the first time for which the post and particle overlap. From simulation data, we find that the head breaks contact when there is a non-zero component of the velocity that points away from the post (see Supplementary Section 6). Given this observation, we stipulate that the particle is free from the post surface when the driving velocity aligns with the post tangent. Therefore, the predicted duration is set by the amount of time required for the velocity vector to sweep through enough of a cycle to reorient and align with or barely exceed the local post tangent (see Supplementary Section 6 for more detail). The zoom-in in Fig. 5a shows the actual and predicted paths throughout the contact.
Using the model, we can predict ωτ for all possible collision states. To estimate contact duration length, we choose the wave phase, η, which, unlike the velocity vector orientation, uniquely specifies location in an undulation cycle. Given that the primary oscillation direction is transverse to the average heading, which is initially in the +z-direction, we define the phase as η = tan −1 (ẋ/ωx), see inset in Fig. 5b . While there are quantitative differences between the simulation and the prediction (see Supplementary Section 7), the structure of ωτ as a function of η and φ is qualitatively similar in both cases, see Fig. 5b .
As shown in Fig. 5c , the model and simulation fol- low the same qualitative trend for most φ: the maximum duration increases monotonically as impact locations approach the leading edge of the post (except near φ ∼ −π/2, where the condition v tan ·ẑ ≥ 0 results in a much longer predicted contact than the actual, grazing contact in the simulation, see Supplementary Section 7 for more detail). This trend can be understood by considering the range of α swept out in a single undulation, in comparison to the local post tangent, γ, see resulting in more states that can be pinned. Given that any state with an infinitesimal velocity component pointing into the center of the post will be pinned and that the pinning persists until the local tangent vector and velocity orientation align, Fig. 5d demonstrates that (on the right side of the post) the longest duration pinning will result from a collision occurring with α γ andα > 0. In this case, the velocity vector must continue to increase until α = α max , at which pointα changes sign and the velocity vector continues to point into the post until α aligns with γ. As φ → −π/2, there is a larger range of orientations to sweep through to achieve the increasingly shallow post tangent, so the maximum possible pinning time is larger toward the leading surface of the post.
MULTIPLE POSTS
To understand how the presence of multiple posts generates the observed interference-like collisional diffraction patterns, we again examine the unobstructed path of the robot. This path is shifted to coincide with an initial condition that results in a collision for both d = 5.7 cm as well as for the single post, see To test how the presence of multiple posts influences the distribution of impact locations on the posts as a function of the post spacing, we measure the 85 th quantile of the φ distribution. For simplicity, we reflect φ associated with the left side of the post about φ = −π/2 and focus only on the angular distance from the leading surface of the post. Fig. 6b shows that, as spacing decreases, the tails of the φ distributions shift toward the leading surface of the post, indicating the number of inaccessible impact locations grows with decreasing spacing.
An implicit assumption in the picture presented in Fig. 6a -b is that the states (η, φ) introduced by the presence of adjacent posts are similar to the collision states present in the single post, and that, importantly, no new collision states are introduced. To test the extent to which this is true, we identify the single-post state closest to (i.e., smallest Euclidean distance in the (η, φ)-space from) each multi-post state (see Supplementary Section 8). If these states are the same, the contact durations should be identical for both the single and multipost geometries.
A probability map showing the correspondence between the single and multi-post durations, ωτ s and ωτ m , respectively, is shown in Fig. 6c for d = 5.7 cm (see Supplementary Section 8). Even for this relatively small spacing, the preponderance of the data points fall along the ωτ m = ωτ s line, indicating that adjacent posts act primarily to shift the probabilities of single-post collision states. As the spacing decreases, single-post states near the top of the post occur with greatly-reduced probability (and some are even eliminated completely) as trajectories are "remapped" to a different single-post collision state occurring at an adjacent post. These shifted collisions tend to occur closer to the leading surface of the post than the original collision, often resulting in longer durations than the single-post state that was replaced. Given the linear relationship between duration and scattering angle, the remapping from shorter to longer durations shifts power from the central peak of the θ-distributions out to the tails, creating and bolstering secondary offcenter peaks.
A schematic showing how these states are remapped from the single-post case to the d = 5.7 cm-case is shown in Fig. 6d (see Supplementary Section 9). As depicted in the example in Fig. 6a , states which occur away from the leading surface of the post (φ < −π and φ > 0) in the single-post case are shifted into regions (η, φ) states which result in long durations (and therefore produce larger scattering events). Similarly, grazing collisions which occur near the leading surface of the post (φ ∼ −π/2) in the single-post case are involved in much more significant collisions with an adjacent post, which dominates the resulting trajectory reorientation. This remapping suggests that the characterization of possible single-post interactions contains the necessary information to predict interaction durations for an arbitrary post arrangement, at least within the range of parameters presented here and when there is a single collision that dominates the resulting dynamics.
CONCLUSIONS
The results presented here provide a striking example of the dynamics that can arise from active (damped and driven) collisions of classical systems with environmental obstacles. A self-propelled robotic snake, which has aspects of both localized particle and wave, mimics certain aspects of quantum-mechanical matter wave, particularly in systems which generate diffraction patterns via many single scattering events [33] [34] [35] [36] . These include multi-modal scattering distributions with peaks at preferred directions; remarkably, the functional form that describes this is similar to that for far-field wave diffraction. For a single post, we observe a distribution that is peaked directly behind the obstacle, reminiscent of the Poisson/Arago spot [37] . Of course, there is nothing quantum-mechanical at play in our studies: a purely deterministic model which treats the snake robot as a circular self-propelled car with a particular driving captures much of these dynamics.
Recapping our model, the essential picture is that the robot moves straight in the absence of obstacles, driven by a wave of body undulation propagating from head to tail. Upon encountering an obstacle with the head, depending on the impact location and phase of the wave, the robot spends a certain duration slid- ing/grinding against the post (See Supplementary Movie 4); the greater the duration, the more the robot is rigidly rotated (due to slipping of wheels on ground). Since the driving is time-periodic, eventually the head velocity orientation exceeds tangency and the robot emerges from the lattice; subsequent collisions of body segments do not serve to significantly reorient the robot. Surprisingly, the mechanism by which the posts interfere with the trajectories is not governed by multiple interactions of the robot with different posts, but is dominated by single-post scattering. The presence of multiple pegs essentially reduces the fraction of "grazing" scattering events which would produce largely straight trajectories; these trajectories are funneled into high duration/high scattering locations and phases, and the probability to encounter such a situation increases as the spacing decreases.
That much of the final outcome is encoded in the collision with head of the robot suggests that, at least in some cases, this extended locomotor can be reduced to a kind of compact self-propelled particle. Therefore, temporarily modifying locomotor behavior based on sensing information about head-heterogeneity interactions might provide a starting point for controlling these reorientations, either to reduce their effects or to strategically use them to enhance movement in cluttered environments.
Building on this we might ask if a framework for active collisions can be developed such that different locomotors can be mapped to situations like ours-the reweighting single collisions by allowed paths. We suggest that perhaps similar universality classes (inspired by success in pattern forming systems [16] ) could emerge [39] for different classes of locomotors (legged [40, 41] , undulatory [7, 42] , sidewinding [43] , wheeled and tracked vehicles [44, 45] ) and even aerial systems [46, 47] . The robophysics-based experimental and simulation approach to study and develop an understanding of such complex interactions which may provide a starting point searching for such universality classes. Defense Science and Engineering Graduate (NDSEG) Fellowship; and Defense Advanced Research Projects Agency (DARPA) Young Faculty Award (YFA). The authors declare no conflicts of interest. Data is available from the corresponding author upon request.
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Appendix: Methods
Robotic snake experiments
Our 13-segment-robotic snake, shown in Fig. 1a , had 12 Dynamixel AX-12A servo motors connected together with custom-designed 3D-printed plastic brackets. Robot segments were 3.7 cm wide, and 3-cm tall all interior segments were 5.1 cm long. The head, 6.0 cm long, added a nearly-spherical nose cap to the interior segment design, and the tail, 7.5 cm long, was adapted to have a cylindrical cap. The robot mass was 1.13 kg and the fully-extended length was around 80 cm.
A Robotis CM-700 controller was programmed to command the angular position of each motor to vary sinusoidally with time and position along the body, creating a "serpenoid" curve [29] . The robot was operated with an open-loop controller, i.e., the robot had no sensing capabilities and did not adapt to or modify its behavior during interactions with posts.
The snake moved in a model heterogeneous terrain, created from a level wooden platform (dimensions 2.4 m wide x 3.6 m long) covered by a firm rubber mat. Obstacles consisted of a single row of vertical polycarbonate posts (radius, r = 0.023 m) anchored to the platform (see Fig. 1a ). Before each experiment, the robot motor configuration was reset and the robot was manually positioned and oriented so the initial heading was transverse to the post row. Analysis of single-post experiments in which the robot did not interact with the post revealed that the error in the initial robot heading was typically a few degrees or less. In each experiment, the robot traveled toward, mechanically interacted with, and subsequently exited the post array. Throughout each interaction, positions of markers atop each segment were identified and recorded at 120 Hz by four Optitrack Flex13 infrared cameras (positions were accurate to within 0.1 mm).
To characterize all possible robot-post interactions (for which the incident angle of the robot is perpendicular to and approaching the post row), the robot began each experiment with the same motor configuration (i.e., motor i always started with angular position ζ i (t = 0)) and the head was placed at different positions within a region with lateral and longitudinal dimensions L x and L z , respectively. L x = d+2r is the periodicity of the post array, where d is the size of the opening between adjacent posts and r is the post radius. L z = v 0 T is the distance traveled in one undulation cycle (for experiments presented here, L z ≈ 0.4 m). This region is outlined by the green box in Fig. 1a . We quantified the final heading of the robot, θ (see Fig. 1c ), for each trajectory by identifying and fitting lines to the extrema of the trajectory (for at least three undulations) after the tail had moved beyond the post row.
Multibody physics simulations
The simulation-based studies conducted relied on an open-source simulation framework called Chrono [30] . For a constrained multibody dynamics problem, Chrono formulates a set of index three differential-algebraic equations whose solution captures the time evolution of the dynamic system. Frictional contact is formulated via two different approaches. A set of complementarity equations can be used in conjunction with maximum dissipation conditions to express friction and contact acting between rigid bodies [48, 49] . The second method, which was adopted here, accounts for local deformation at the contact point and relies on a Hertzian-like model to compute the contact force. Overlap of the contacting geometries, which is computed via a collision detection step, is used as a proxy for the local deformation at the contact point.
The Chrono results reported here were obtained using a half implicit, first order, symplectic Euler time integration method and a successive over-relaxation iteration scheme. The contact force between mating surfaces was calculated via a Hertzian contact force model [50],
where the subscripts n and t denote the contact force components, F n and F t , in the normal and tangential directions, respectively; δ n is the overlap of two interacting bodies; and v r n is the relative velocity of the bodies at the contact point. For the contact of parallel cylinders k n = π/4Y * l and k t = 2k n /7. Here l is the cylinder length, i.e. the height of a segment, and Y * is the effective Young's modulus, defined based on Young's modulus, Y , and Poisson's ratio, ν, of the mating surfaces as
Contact forces between a post and a segment with a flat surface were calculated in a similar fashion. To allow for larger integration time-steps and thus reduce simulation time, the value of Young's modulus was chosen to be smaller than the actual one. Drawing on a sensitivity analysis that quantified the impact of relaxing Y on the accuracy of the simulation results, we used Y = 2.5 × 10 6 and ν = 0.4. The damping coefficient, g n , depends on the material coefficient of restitution and collision scenario [51] . We used a larger value, g n (∼ 10 3 ), to enforce a plastic contact.
The geometry of the snake model was modeled through a set of shape primitives such as box and cylinders. The body components were connected by revolute joints, which removed five out of six relative degrees of freedom. Additional light-weight cylinders were positioned on the joints to facilitate, from a geometric perspective, a smooth interaction of the segments with the cylindrical posts.
The snake locomotion was generated through a set of motors in the joints. The motors drove the revolute joint angle using functions of the form ζ i = ζ max sin(ωt + φ i ), where i ∈ {1, 2, 3, . . . , N } denotes the joint ID along the body and t denotes simulation time. The φ i values were selected uniformly in the range [0, 2π] to generate one wave period along the snake model. An anisotropic friction force model (see Supplementary Section 1) was applied on the snake segments to yield a net force that enables the snake model to move forward.
Appendix: Supplementary information
Wheel friction
To characterize the robot-substrate interaction forces during movement, we designed a custom, 3D printed bracket to attach a single pair of Lego wheels to a 6-axis force-torque transducer (Nano 43, ATI Industrial Automation, Apex, NC, USA) and mounted the force sensor to a 6-axis industrial robot arm (Denso VS087A2-AV6-NNN-NNN). The robot arm was programmed to repeatedly execute the following automated procedure: (1) rotate the wheels by some angle, ψ, relative to the dragging direction and begin recording forces at 1 kH; (2) lower the wheels to the a predetermined height, H, at which point wheel contact with the substrate (ethylene-vinyl acetate (EVA) Soft Linking Mats) had been established and the normal load on the wheels was comparable to the weight of a robot segment; (3) horizontally drag the wheels 40 cm across the substrate at a constant speed, v = 10 mm/s; (4) raise the wheels, stop recording forces, and return to the initial position. • . Forces were shifted so that the average force was zero within the "zeroed region" (before wheel-substrate contact was established). Steady state forces were determined by averaging forces within the nearly-constant "averaged region." (c) top: example wheel drag angles at ψ = 0, 22, 45, 67, and 90 degrees. Bottom: steady-state drag force as a function of the wheel drag angle, ψ. Points and errorbars represent the mean and the standard deviation, respectively, of five trials. Forces were decomposed into components acting along the wheel axle (blue) and perpendicular to the axle (green). Lines show fits to equations indicated, with fit parameters shown in Table I . (d) Average vertical force (points) and standard deviation from five trials (errorbars) acting on the wheels during the trials in (c). For all trials, wheels were lowered to a constant position, H, chosen so that the normal force on the wheels was approximately equal to the weight of a single robot segment, mg/N , where N is the number of body segments. In experiments presented here, five trials were performed per ψ, which was varied from 0 • to 90
• (parallel to perpendicular to the wheel axle) in increments of one degree. For each trial, forces were decomposed into components along the wheel axle, F ⊥ , and along the preferred rolling direction, F . Fig. 1a -b shows these forces for five trials with ψ = 45
• . In each trial, each force component quickly reached and subsequently maintained a near-constant value for most of the dragging distance, therefore, we estimated the steady-state values by averaging each component over the five trials within this near-constant window.
Examples of wheel orientations are shown in Fig. 1c , along with the steady-state values for the force components parallel and perpendicular to the wheel rolling direction for all ψ. Fig. 1d shows that the measured load on the force sensor for each trial was close to the weight of each robot segment. Functions were fit to F ⊥ and F these forces could be incorporated into the Chrono simulation. Numerical values of fit parameters along with corresponding 95% confidence intervals are given in Table I .
Simulation validation
The snake robot model was matched to the experimental robot by optimizing the values of ζ max , ω, t 0 , and segment dimensions to agree with the initial shape and snake trajectory obtained experimentally (see Fig. 2a-b) . Wheel friction relations from the experiment (discussed in Supplementary section 1) were used in the simulations. However, the trajectories were found to be in better agreement for a slightly larger perpendicular force: F ⊥,sim = 1.2F ⊥,exp . To achieve straight trajectories of the simulated robot, the initial time for which there were non-zero ground-interaction forces, t RF T , was also optimized and subsequently held constant for each set of wave parameters. Simulations were then validated by comparing experimental and simulated trajectories and forces for snake interacting with a single post. In experiments, forces exerted by the robot during collisions with the post were recorded by mounting the post to an ATI Nano 43 6-axis force-torque transducer. Trajectories and forces for five simulations in which the collision location on the post was similar to an experimental collision were in reasonable agreement, see Fig. 2c . A time step convergence analysis revealed that forces and resulting trajectories were insensitive to the time step, ∆t, for ∆t < 6 × 10 −4 s. ∆t = 10 −4 s was selected for all the simulations presented here.
In the multi-post simulations, the accuracy of the results improved significantly when, to mirror the presence of the revolute joints in the physical prototype, the snake model was augmented with spheres connecting the boxes used for the snake segments. The diameter of the connecting spheres was identical to the width of the robotic snake. The width of the cubic segments in the simulation was slightly reduced from that of the robotic snake to bury the edges inside the spherical joints and prevent the edge contact, particularly at large time step. Table II summarizes the atributes of the snake and the posts for simulations presented here.
Spatial probability map comparisons
The simulated snake began each simulation in the same location with the same shape, and initial condition variation was achieved by shifting the location of the post row. Initial conditions were chosen randomly within a box of dimensions (d + 2r) × v 0 T , where d is the size of the gap between adjacent posts, r is the post radius, v 0 is the average speed of the robot, and T is the period of an undulation cycle. For all subsequent analyses, simulated trajectories were shifted so that the post locations were aligned.
At least 1, 000 simulations were run for each post configuration, and for each configuration, there were a few trajectories which were not physical. These typically occurred when the tail of the snake became stuck on the post, causing the entire snake to rapidly change direction. Four representative examples are shown in Fig. 3a . These were identified and removed from further analysis using the following criteria: if, at any point after the head has moved beyond the post row, (1) velocity of head is at least twice as large as maximum head velocity for the freely-moving snake, v head ≥ 2v max,f ree and (2) force on the head does not exceed a nominal value, chosen here to be F head ≤ 0.01 N. Fig. 3b shows (for ζ max = 0.605 rad), as a function of post spacing, how many unphysical trajectories occurred relative to the number of simulations that had collisions with the posts. Spatial probability maps for the robot experiments are shown for three post configurations in the left column of Fig. 3c . Corresponding probability maps created from the physical trajectories are shown in the right column of Fig. 3c . Table 3 shows all experimental post configurations and the corresponding number of experiments performed for each setting.
Details of θq vs d trend
The dependence of θ q on d is qualitatively similar for 0.505 ≤ ζ max ≤ 0.705 rad. The dependence of θ q on d for each ζ max is shown in Fig. 4a Fig. 4b ), but this form fails to describe the data for small and large ζ max (shown in gray). We suspect that the lower limit is reached when the transverse distance swept out by a segment, 2 sin ζ max 2r and that the high limit may break down when the ordered segment positions along the serpenoid curve in the fore-aft direction no longer vary monotonically along the body. 
Head collisions
By choosing the single head collision with the maximal duration, we assumed that there was only one dominant head collision. To demonstrate that this was a reasonable assumption, we first show that most simulations, even for small spacings, had one head-post collision. Fig. 5a shows how many of the simulations, n hit , had at least one collision between the head of the snake and the post row relative to the total number of simulations, n sim . The number of simulations in which two or more collisions occurred, n 2+ , compared to n hit is shown in Fig. 5b .
Of the simulations in which multiple collisions occur, we next show that the second-longest collision is typically not of comparable duration. In Fig. 5c , two-dimensional probability densities of second-longest vs longest duration are shown for four post configurations. If collisions were of comparable durations, the density of points would lie along the black lines in each plot. However, in each case, most of the points are concentrated below the line. This, along with the decreasing number of simulations for which multiple collisions occur, suggests that the assumption of one dominant collision is reasonable. Fig. 6a shows predicted vs actual initial contact times (t 0,pred vs t 0,sim ) starting from the same initial condition. The predicted initial contact time, t 0,pred , was determined from geometry. We required that the head and the post cannot overlap, and assumed that a circle with diameter equal to the snake width was traveling along an unobstructed head trajectory originating at the specified initial condition. We defined t 0 as the first time for which there was any overlap between the post and the circle. The color of each point indicates where on the post, in one of eight segments, the initial contact occurred. Regardless of initial contact location, geometry was an excellent predictor of initial contact time as all points fall along the line t 0,pred = t 0,sim . Fig. 6b shows predicted vs actual final contact times (t f,pred vs t f,sim ) starting from the same initial condition. To find the final contact time, t f,pred , we assumed that the circular particle with diameter equal to the width of the snake is trying to achieve the freely-moving velocity but can only move forward with the component of this velocity that is along the local post tangent (i.e., the particle cannot penetrate the post surface). The final time is predicted by identifying the first time for which there is no component of the freely-moving velocity driving into the post. The final contact times are reasonably well predicted for most initial contact locations (most final times fall along or close to the line t f,pred = t f,sim ), with the exception of near the leading surface of the post. This discrepancy arises from the stringent requirement that the particle cannot move backward. Near the leading surface of the post, a small move backward can occur in the simulations and often results in a grazing collision of small duration. With no backward motion allowed, these collisions can last significant fractions of an undulation cycle.
Contact times
For the simple picture proposed in the main text, we state that the contact between the head of the snake and the post lasts until the velocity vector angle, α, aligns with the local post tangent angle, γ. This condition was chosen based on the observation from simulation that, as Fig. 6c shows, the contact was broken (i.e., the force on the head drops to zero) when the velocity vector had a small component pointing away from the center of the post. On the right side of the post, this meant that α < γ, and similarly, for the left side of the post, α > γ. Fig. 6d shows a two-dimensional probability density predicted vs actual contact durations, τ = t f − t 0 . Many of the durations lie along the line τ pred = τ sim . There are two distinct branches for larger τ , one which over-predicts and one which under-predicts. Large over-predictions originate from grazing collisions near the leading surface of the post. Smaller over-and under-predictions are possible for many impact locations. The largest discrepancies between prediction and simulation result from collisions close to the leading surface of the post (φ ∼ −π/2), arising from the requirement that the v tan ·ẑ ≥ 0. In the simulation, these collisions can be grazing, with the robot head sliding off the other side of the post shortly after initial contact (e.g., second row, fourth column of Fig. 7) . For the prediction, however, the particle is always pinned until the driving velocity is reoriented to align with the local post tangent. The range of durations possible as well as relative likelihood for a contact duration at a given impact location is shown in Fig. 5c (in the main text) . Near the leading surface of the post, the robot can slide easily and lose contact quickly. 
Prediction discrepancies

Distances between nearest single and multi-post states
For each post configuration, initial conditions within the relevant region (described in more detail in Sec. 3) were randomly generated. Therefore, we did not have information about precisely the same point for mutiple post configurations. To determine how states were influenced by the presence and location of additional posts, we identified, in (η, φ) space, the single-post point closest to each multi-post point by minimizing
If the collision states in the single-and multi-post case are the same, then we expect that the durations for a given (η, φ) point should be equivalent for all post configurations. To test this, we create two-dimensional probability distributions for ωτ m vs ωτ s , where τ m is the multi-post duration and τ s is the duration of the closest single-post point. These two-dimensional PDFs for three post configurations are shown in the left column of Fig. 8 . In all cases, most of the data falls along the line ωτ m = ωτ s , suggesting that, for the most part, single-and multi-post states are nearly identical.
The distributions of distances between the single-and multi-post states are shown in the middle column of Fig. 8 . These distributions do not depend on post spacing, and in all cases, distances are typically small, so single-post points assigned to multi-post states are nearby in (η, φ) space. As a final check, we show in the right column of Fig. 8 that there is no significant correlation between δ ηφ and deviation from the ωτ m = ωτ s trend. Two-dimensional PDFs for two post configurations are shown, and the corresponding correlation coefficient for each spacing is given in each plot. 
Boundaries of remapped regions
To understand how single-post states were altered by the presence of multiple posts, we started by identifying the multi-post point closest to each single post point in (x, z) space (reminder: we were sampling initial conditions randomly, so we did not have identical single and multi-post collision states for different post configurations). To do this, we tiled the multi-post initial conditions box (e.g., for d = 5.7 cm, the solid box in Fig. 9a ) by shifting all points within this region over by ±mL x , where m is an integer and L x is the transverse dimension of the initial conditions box (see Sec. 3 for more detail). Outlines for shifts of m = ±1 are shown as the dashed boxes in Fig. 9a . The points within each box show the starting point for the head of the robot, and the colors indicate which post was involved in the longest-duration collision with the head of the robot. When initial conditions were shifted, a different post was centered in front of the box, and given that all initial conditions boxes are identical, the post number associated with a collision in a box shifted by m post must also be shifted by m.
In Fig. 9a , the multi-post points for d = 5.7 cm are shown in varying shades of blue, and the single-post points (all of which hit the central post, outlined in black) are overlaid in black. To identify how the single post points were shifted around in (η, φ)-space, we determined the xz-distance between each single-post point and the nearest multi-post point, δ xz = (x s − x m ) 2 + (z s − z m ) 2 . Fig. 9b shows the distribution of δ xz for the configuration in Fig. 9a , which was typically less than 0.5 cm. The colored 'x' markers in Fig. 9a identify four regions which hit post n in the single-post case but were involved in more significant collisions with adjacent posts in the multi-post case. How these regions were shifted around in (η, φ)-space is shown in Fig. 9 . 'x' points were shifted to the circular points of the same color. Fig. 9d shows nearly all of the remapped points had significantly longer durations, τ m , than the duration of the original state in the single-post case, τ s .
To estimate the edges of these remapped regions (as shown in Fig. 6 in the main text), we shifted the freely-moving head trajectory around within the initial conditions box and identified which of the posts (in the multi-post case) the trajectory overlapped with the most. The multi-post collision state is then approximated to be the initial point for which that post and a circle with diameter equal to the snake width overlap. The corresponding single-post collision state was found by determining the first point of overlap with the central post. We sampled initial conditions on a very fine grid, and found points which no longer hit the central post in the multi-post case. Fig. 10 shows how each of the four regions was shifted around for d = 5.7 cm, with color (which indicates point number) showing how each point was remapped. The boundaries of the remapped regions in Fig. 6d in the main text were determined by finding the edges of each of the regions here. 
